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Outline


•  Traditional neutrino detectors and brief history of LArTPCs


•  Principle and Theory behind LAr detectors


•  Technical details on the detectors


•  Physics of neutrino LArTPCs


•  Future prospects…
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Traditional neutrino detection technologies


Bubble Chambers: e.g. Gargamelle


•  Long era of BC in particle physics (1952 to 1970’s)


•  Culminated with the discovery of Neutral Current interaction (1973)


Drawbacks:


Ø Low density 


Ø  Slow response time (~1sec. for recompression)


Ø Not scalable to very large scale
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Traditional neutrino detection technologies


 

 

This mean that if neutrinos oscillate between flavors (electron, 
muon, and tau), they should have a non-zero mass, which shows 
that the standard model is wrong, because according to quantum 
mechanics, oscillation between neutrino flavors is only possible if 
neutrinos have mass. This is possible because the waves of the 
mass states of the different neutrinos differ from each other and 
they interfere with each other to from a different flavor states, the 
probability of oscillation between a muon neutrino and electron 
neutrino is given by the following formula: 

 
 

! !! ! !! ! !"#!!!!! !"#! !!!"!!!!
!    (1) 

      
 
 
 
where !! and !! are the two neutrino flavors, ! is the mixing 

angle, !!! is the difference in the squares of the neutrino masses, 
! is the distance between the neutrino source and the detector 
measuring neutrinos, and ! is the energy of the neutrinos. But in 
reality there are three types of neutrinos, and the following matrix 
describes better the oscillation between these three neutrinos:  
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where ! is made up of various mixing angles between the 
neutrino states, which are included on the following 3x3 matrices: 
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Equations (3), (4), and (5) together describe the unitary matrix 

!!!"#$%&'(!!!: 
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which is included on equation (2) to describe the oscillation 

between mass and flavor eigenstates of neutrinos. Equation (3) 
depends on the mixing angle !!", which was already calculated by 
observing solar neutrino oscillations. Equation (5) depends on the 
mixing angle !!", which was calculated by observing atmospheric 
neutrino oscillations caused by the collision of high-energy protons 
and nuclei in the upper atmosphere. And Equation (4) depends on 
!!", which has not been yet measured. Until now Chooz experiment 
predecessor Double Chooz has set an upper limit of !"! on !!"! 

 
Calculating the mixing angle !!" will get us to a better 

understanding of the relationship between mass and flavor states of 
neutrinos. And by knowing angle !!" we are going to be closer to 
the calculation of the !!", which is the charge-parity violation phase. 

This phase could lead us to an explanation of why we live in a matter 
universe and not in a universe dominated by antimatter.  

 
 
 
 

1.3 Double Chooz 
 
Double Chooz is a reactor experiment, which was designed to 

measure the neutrino mixing angle !!". It is a successor of the past 
Chooz experiment; Chooz experiment was a single-detector 
experiment, now Double Chooz, which is a double-detector 
experiment, is trying to improve the results of Chooz by using two 
detectors at different distances from the Reactors. Reactor 
experiments looks for the flux of electron antineutrinos, which are 
produce in abundance on the nuclear reactors, the detectors are 
trying to look for the change in the flux of electron antineutrinos as a 
function of distance (!) and energy (!!. Electron antineutrinos are 
created as a result of the fission of the isotopes U-235, U-238, Pu-
239, and Pu-241 in the reactor. Electron antineutrinos produced by 
the reactor are detected by the Double Chooz detectors using the 
process of inverse beta decay [6]: 

 
!! ! !! ! ! ! !!             (7) 

 
 

 
Figure 2: Inverse Beta Decay [8]. 

 
 

where an electron antineutrino interacts with a proton in the 
target, releasing a neutron and a positron. The positron immediately 
interacts with an electron with which it annihilates, producing photons 
that are detected by photomultipliers tubes. After 100!sec in average 
later the neutron gets captured on the gadolinium nucleus in the 
target, which again emits photons that are also detected by the 
photomultiplier tubes (Figure 2). Using this process of inverse beta 
decay we will make the CP violation and matter negligible, allowing us 
to get a more precise measurement of !!". The Double Chooz 
experiment will use two detectors at different distances at 410 meters 
and at 1.05Km from the reactor. Each detector has a target filled with 
a buffer doped with gadolinium, a molecule that has a very high 
attraction for neutrons [4]. 

 
 

 
Figure 3: Diagram of the Double Chooz “Far” detector [4]. 

 
 

 
The purpose of using two detectors with similar structure in 

Double Chooz at two different distances instead of using one, as it 

!!"#$%&'!
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Doped Liquid Scintillators:


•  Used in the neutrino discovery experiment in 1952! 


•  Can reach lower detection energies (opens the 
scientific reach)


Limitations:


Ø Scalability limited due to light attenuation length


Ø Need low radiation material container and radiation   
buffers


Ø Background limited since only coincidence signals are 
detected (random coincidences, fast neutrons, 8He/9Li, …




Traditional neutrino detection technologies


Water Cherenkov:


•  Discovery of neutrino oscillations!


•  Allows very large volumes       
(SuperK = 50ktons)


•  Technology very well understood


Limitations:


Ø Background limited due to e/𝜸 identical 
signature


Ø Particles below Cherenkov threshold not 
detected


Ø Big! Need big cavern ($$$)


SuperK
Track Images

47

• Muons

• full rings

• Electrons

• fuzzy rings

• Neutral pions

• double rings
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A brief history of LAr technology


•  1968: L.W. Alvarez first proposes the use of Liquid Noble Gases for  
particle detectors


•  1974: W. Willis and V. Radeka propose the use of LAr ionization chambers


Ø LAr one of best materials to answer traditional calorimeters limitations
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TABLE 1 

One  cell: 1.5 m m  s tee l+2 .0  m m  LA. 

Average in 
Steel L A  chamber  

p, g /cm z 7.9 1.4 4.2 
dE/dX, MeV/cm 11.6 2.2 6.2 
Radia t ion  length, cm 1.77 13.5 3.5 
Eortt, MeV 21 30 23 
Radia t ion  lengths  per  cell 0.084 0.015 0.099 
Interact ion length,  cm  12.9 65 24 
Dielectric cons tan t  1.6 

dE(LA)/dE(LA + steel) = 0.20 

ed material which does not attach electrons and has a 
high electron mobility. We believe that liquid argon 
satisfies the requirements better than any other material: 

i) it is dense" (1.4 g/cm3); 
ii) it does not attach electrons; 

iii) it has a high electron mobility ( ~  5 mm//~s at 
1 kV/mm); 

iv) the cost is low ($0.14-+0.50/kg, depending on 
source and quantity); 

v) it is inert, in contrast to flammable scintillators; 
vi) it is easy to obtain in a pure form and easy to 

purify; 
vii) many electronegative impurities are frozen out 

in liquid argon. 
The disadvantage is that the container must be 

insulated for liquid-argon temperature (86 K). 
Some of the properties 7) of such a device are illus- 

trated in table 1 for the configuration we have used in the 
tests described in this paper, with 1.5 mm steel plates 
immersed in liquid argon (LA). 

One sees that the sampling is indeed very fine in that 
a single cell represents less than a tenth of a radiation 
length and the energy loss across a cell is less than a 
tenth of the critical energy. The average interaction 
length is quite short, however, and the average radiation 
length is short compared to the interaction length. 
(Reasonable configurations do not allow much shorter 
interaction lengths, but the use of high-Z plates would 
provide radiation lengths as low as 15 mm.) Transition 
effects are also small, since the properties of steel and 
argon are similar. 

The observable amount  of charge is calculated in the 
following. The most important fact to be noted is that 
the ionization chamber with liquid argon is a single- 
carrier device as far as charge collection is concerned. 
Positive ions due to their very low mobility contribute 
little to the signal charge in the short time electrons 

take to drift across the gap. The basic relations for the 
current and charge waveforms for planar electrode 
geometry are illustrated in fig. 1. Fig. l(a) is for one 
ion pair. The current, due to one carrier, is determined 
as e/ t  d, by the drift time t d across the gap. The charge 
measured in the external circuit is determined by the 
ratio of the distance traversed and the electrode spacing, 
Qs(x ) / e  = ( d - x ) / d .  Due to this, electrons uniformly 
distributed across the interelectrode gap produce an 
induced signal equal to one half of their charge on the 
average. The resulting current and charge waveforms 
are different for localized ionization and for uniform 
ionization across the gap. It is interesting to note that 
for uniform ionization three quarters of the observable 
charge is "collected" in one half the drift time across 
the gap. 

We compute, now, the amount of charge for the 
calorimeter configuration described above. The energy 
loss per ion pair in argon is 26.4 eV s). The energy loss 
per observed electron charge is then 52.8 eV. Taking 
into account the fact that 20% of the energy is 
deposited in the LA in the configuration we have 
chosen, we see that the amount of energy deposit 
necessary to give a signal corresponding to one electron 
is 264 eV. In other units one GeV gives a signal of 
0.61 pC (picocoulombs). 

CALISRATION 

I |  H.V. O-IOKV 

SIGNAL 4 

DEWAR - -  

ION CHAMBER" 
10-  1110" GAPS 
PLATES 1116" 

N 
14 GeV 7T" II 

OR ~ II 1 GeV p/'rr II 

II 

SCINTILLATION / 
COUNTER 

TEFLON SPACERS 

Fig. 2. Small ionization chamber  for testing o f  charge-collection 
properties.  

Willis & Radeka, NIM 120 (1974)	
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A brief history…


•  In the 70’s, neutrino detectors fall into 2 categories:


Ø Small sensitive mass and high resolution bubble chambers


Ø More massive electron detectors (only few event features are detected)


•  Need for novel neutrino detection technology that combines larger mass 
with high resolution event 


→ Carlo Rubbia proposes LArTPC (1977)


7




A brief history…


•  1985: ICARUS proposal at Gran Sasso


•  Tremendous R&D efforts leading to the construction of the ICARUS T600 
detector (2001/2010)


T15	
  (15	
  t	
  LArTPC)	
  prototype	
  
	
  (1999/2000)	
  

T600	
  (600	
  t	
  LArTPC)	
  
	
  (2001	
  …	
  2010)	
  

First	
  LArTPC.	
  
24	
  cm	
  chamber	
  

	
  (1987)	
  

Liquid Argon in Italy

10

ICARUS  T600

!"#$%&#'()*"'+&,&(&-./
0&+-12.)13)421-1-.4")5126)1%)789:;<

3	
  ton	
  demonstration	
  
of	
  large	
  LArTPC	
  
	
  (1991-­‐1995)	
  

50l	
  prototype	
  in	
  
neutrino	
  beam	
  
	
  (1997-­‐1999)	
  

8


+
LAr TPC concept 

LAr TPC concept

• See M. Soderberg on ArgoNeuT

Liquid Argon Neutrino Detectors

3

•Neutrino interactions in the TPC produce charged particles that ionize the argon as they travel.

•Ionization is drifted along E-field to wireplanes, consisting of wires spaced ~millimeters apart.

•Location of wires within a plane provides position measurements...multiple planes give independent views.

•Timing of wire pulse information is combined with known drift speed to determine drift-direction coordinate.

Refs:
1.) The Liquid-argon time projection chamber: a new concept for Neutrino Detector, C. Rubbia, CERN-EP/77-08 (1977)

The LArTPC concept

Joshua Spitz, Yale University

neutrino
ionization

ionization

Wire planes

Wire pulses in time give the drift 
coordinate of the track 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 

Wire #

T
im

e

Collection plane
Wire #

T
im

e

Induction plane

E

Liquid argon

ICARUS (LArTPC pioneer) 50 L in WANF neutrino beam

4

Images from ICARUS* 50-liter TPC.  

*Pioneering LArTPC work done by the ICARUS 
collaboration. See talk by Francesco Pietropaolo on Sat.

time

time

47 cm

47 cm

90 cm

High dE/dxLow dE/dx

Joshua Spitz, Yale University
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time

time

47 cm

47 cm

90 cm

High dE/dxLow dE/dx

Joshua Spitz, Yale University
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ArgoNeuT Event

11

Understanding vertex activity
• Not only is ArgoNeuT able to characterize vertex activity in CCQE-like events, it can also differentiate 

neutrinos from anti-neutrinos with the help of the MINOS near detector.

• Comparing neutrino and anti-neutrino CCQE-like events may provide some sensitivity to a possible 
multinucleon channel, involving 2p (2n) pre-FSI final states for neutrino (anti-neutrino) events.

Joshua Spitz, Yale University
A zoomed-in view of a CCQE-like neutrino event with evidence of vertex activity

10 cm 10 cm 

Neutrino CCQE (2 protons) Anti-neutrino CCQE (0 protons)

mu+mu-

muonmuon

Multinucleon neutrino CCQE Multinucleon anti-neutrino CCQE

DataData

�µn� µ�pp �µp� µ+nn

19

ArgoNeuT is largely blind to neutrons!
|
p p

}pre-FSI final state

Charged-Current 
Quasi-Elastic 

(CCQE) Candidate
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e 
!
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oo
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e 
!

Saturday, May 14, 2011
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Principle of LArTPC

Liquid Argon Time Projection Chamber
The LArTPC concept

neutrino
ionization

ionization

Wire planes

Wire pulses in time give the drift 
coordinate of the track

Scintillation light is also available for detection! 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 

Wire #
T

im
e

Collection plane
Wire #

T
im

e

Induction plane

E

Liquid argon

ICARUS (LArTPC pioneer) 50 L in WANF beam

The LArTPC concept

neutrino
ionization

ionization

Wire planes

Wire pulses in time give the drift 
coordinate of the track

Scintillation light is also available for detection! 

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) 

Wire #

T
im

e

Collection plane
Wire #

T
im

e

Induction plane

E

Liquid argon

ICARUS (LArTPC pioneer) 50 L in WANF beam
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Collection plane 

Induction plane 

Josh Spitz	





LAr TPCs

ü   3D imaging


ü   High neutrino detection efficiency


ü  Excellent background rejection


ü   Good calorimetric reconstruction
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ArgoNeuT events




LAr TPCs


The 3D view
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Georgia Karagiorgi	





LAr TPCs
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Advantages)of)the)LArTPC)for)Particle)ID)
MiniBooNE)

MicroBooNE)

(Cherenkov&Detector)&

(LArTPC)&

⇡0 ! � + �Electron,&
Photon&

Muon& Proton&

⇡0 ! � + �
Electron,&
Photon&

Muon& Proton&

MicheleWeber	
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Advantages)of)the)LArTPC)for)Particle)ID)
MiniBooNE)

MicroBooNE)

(Cherenkov&Detector)&

(LArTPC)&

⇡0 ! � + �Electron,&
Photon&

Muon& Proton&

⇡0 ! � + �
Electron,&
Photon&

Muon& Proton&

LAr TPCs


M.Weber
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LAr TPC at LBNE

• High νe reconstruction efficiency 

⇒ 6 times less mass than WC for same sensitivity

• Good energy (few %) and position resolution (few mm)

• Some processes almost background free

• Distinction between e- and γs

• Add magnetic field → ν/ν distinction

• Add veto → lower depth is require (save $$)

• Technology not yet proven at very large scale

e-

γ

Tuesday, January 25, 2011



Why Ar?


•  Ionization electrons can be drifted over long distances (no electron attachment)


•   Scintillation light used for detection (Ar is transparent to it’s own scintillation)


•  Very good dielectric properties allow high voltages in detector


Why Noble Liquids for Neutrinos?

7

Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000

Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.

Mitch Soderberg	
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Why Ar?


•  In 2014, what matters is:


Why Noble Liquids for Neutrinos?

7

Water

Boiling Point [K] @ 
1atm 4.2 27.1 87.3 120.0 165.0 373

Density [g/cm3] 0.125 1.2 1.4 2.4 3.0 1

Radiation Length [cm] 755.2 24.0 14.0 4.9 2.8 36.1

dE/dx [MeV/cm] 0.24 1.4 2.1 3.0 3.8 1.9

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000

Scintillation λ [nm] 80 78 128 150 175

•Abundant ionization electrons and scintillation light can both be used for detection.
•If liquids are highly purified (<0.1ppb), ionization can be drifted over long distances.
•Excellent dielectric properties accommodate very large voltages.
•Noble liquids are dense, so they make a good target for neutrinos.
•Argon is relatively cheap and easy to obtain (1% of atmosphere).
•Drawbacks?...no free protons...nuclear effects.

Price 
Depends 

on the 
country 

 
~300$/l < 1$/l ~3000 $/l  

 
~10$/l 
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~100$/l 



Ionization, transport and recombination


•  Charged particles deposit energy (dE/dx) and ionize the LAr


•  Number of ionization e- depends on energy deposited by particle
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3. Neutrino Detection and the Liquid Argon Time Projection Chamber 33

Drift direction

Cathode

Shield
Induction

Collection

E1

E2

E3

Figure 3.4: A LArTPC’s wire planes and drift regions. ArgoNeuT instruments the induction and
collection plane. MicroBooNE will instrument the shield, induction, and collection planes.

dE/dx vs. kinetic energy Kinetic energy vs. range 

Figure 3.5: (Left) dE

dx

versus kinetic energy and (right) kinetic energy versus range for a variety of
relevant particles. These plots are taken from Reference [69].

of the amount of energy deposited along a stopping track and hence the kinetic energy of the

initial particle, calorimetry is useful for identifying particles. The energy deposited along

the track per unit length, dE

dx

, often used in conjunction with track range in the case that

the particle stops, can be utilized to di↵erentiate one particle from another (see Figure 3.5).

Separating gammas from electrons is vital to the success of future LArTPCs used as

detectors in long baseline electron-neutrino appearance searches. As one example, neutral-

current ⇡0 (⌫
l

N �! l±N⇡0, with N a nucleon and l± a charged lepton) events are a

Ne = 42370 (e-/MeV) * E (MeV)

from mean e-/ion pair production energy for Ar = 23.6 eV


Chapter 3. Working Principle of a Liquid Argon Time Projection Chamber 10

Electron

Ion

Photon

Particle Track

Impurity

Wireplanes

E

Active 
Volume

a) b)

d) e)

c)

Figure 3.2: Illustration of di↵erent processes inside a TPC in order of time: a) descrip-
tion of sketch, b) charged particle passing trough active volume inducing ionization and
scintillation, c) recombination losses, d) drift trough the detector and electron attach-
ment to electronegative impurities, e) further drift towards wireplanes and subsequent

readout.

a positively charged ion and an electron (electron-ion pair). This electron may have

su�cient kinetic energy to further ionize argon atoms. Most of the so formed argon

ions will form argon excimer molecules. The latter process will rise the energy level of

an electron in the argon atom to a higher level, which will subsequently return back to

its ground state via the emission of photons with characteristic energies or by collisions

with other atoms producing heat (non radiative relaxation). A schematic summary of

these two processes is given in the following reaction diagram, where P stand for the

incident particle, Ar for the argon atom, Ar+ for the argon ion, Ar⇤⇤ for the excited

argon atom and e� for the electron.

Ar + P e– + Ar+ + P Ionization

e– + Ar e– + Ar+ + e– Successive ionization

Ar+ + Ar Ar +
2 Formation of excimer molecules

Ar + P Ar** + P Excitation

Ar** Ar + � Deexcitation

Ar** Ar Non radiative relaxation
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The conversion e�ciency of the absorbed energy into measurable ion-electron pair sig-

nals, lowered by the process of excitation, is given by the mean energy needed to create

an electron-ion pair W
i

. The value can be expressed in terms of the mean energies for

ionization E
i

, excitation E
ex

and sub excitation E
se

, and the ratio between the number

of excited and ionized atoms N
ex

/N
i

:

W
i

= E
i

+
N

ex

N
i

E
ex

+ E
se

. (3.1)

This relation is known as Platzman equation (see [27]). Experiments indicate a slightly

higher mean ionization energy E
i

than the expected band gap energy E
g

of E
i

/E
g

= 1.08.

The ratio between the number of excited and ionized atoms is experimentally determined

to be N
ex

/N
i

= 0.26 for liquid argon and the mean excitation energy is measured to be

E
ex

= 0.89E
g

. Using a so called gas model one can estimate the value for E
se

to be

0.33E
g

. Combining these results leads to a theoretical value of W
i

= 23.452 eV, which

is in good agreement with the experimental value 23.6+0.5
�0.3 eV [23]. Disregarding recom-

bination e↵ects this leads to a formation of approximately 9000 electron-ion pairs per

centimetre for a minimum ionizing particle.

The energy needed to produce an ion-electron pair will fluctuate according to a Poisso-

nian distribution with a variance � =
p

N
i

, where N is the number o charge carriers pro-

duced, ultimately limiting the statistical energy resolution of the detector. An additional

factor needs to be introduced because the formation of charge carriers is not independent

of each other, violating the assumption of a Possonian distribution: � =
p

F · N
i

. This

factor is called Fano factor and for liquid argon F = 0.107 from [8]. Disregarding any

additional fluctuations (electronic noise, drift, ...) and recombination leads to an energy

resolution R
Stattistical

, defined as the FWHM (full width at half maximum) at a given

energy:

R
Statistical

=
FWHM

E0
=

2.35W
i

p
FN

W
i

N
= 2.35

r
F

N
. (3.2)

For a minimum ionizing particle the statistical resolution limit is therefore fixed to

R
Statistical,MIP

⇡ 2.5%.

3.2.2 Scintillation

The deexcitation of liquid argon linked to the emission of a photon could be seen as

scintillation, but the process is possible in the opposite direction, absorbing the emitted

photon again. This behaviour is known as radiation trapping, the characteristic photon

is only observed in very low pressure gaseous argon (see [11]).

Therefore other processes are responsible for e�cient scintillation in liquid argon. The

main reaction is the following: Excited argon atoms Ar⇤⇤ reach the lowest excited states

Ar⇤ trough collisions with other argon atoms or optical transitions [12]. These excited

states can subsequently decay into the ground state of the argon atom, but as already

M. Luthi	





Ionization, transport and recombination


•  Ionization e- are drifted by Electric Field


17


8 
 

 

  

Electron drift velocity [22, 23, 24, 25] 

 

,

,

6(1 1( - 0))

Kalinin empirical function[22] fit to Icarus[24] and Aprile[25] data:

     electron drift velocity in mm/ s

      temperature 

( 3 [1 4 /

in K
     

] 5 ) 2( - 0)
e DRIFT

e DRI T

p

F

p T t p E Ln p E pv

v

f p

T

T t

E

P

�

�

� �

 

 

� � u

  electric field in kV/cm
87  94 0.3 0.8

1 -0.0462553 p2=0.0148508 3 1.64156 4 1.273
5 0.0086608 6 4.71489 0 104.326
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For MicroBooNE at 500 V/cm:

1.5mm/𝜇s -> 1.6ms max






Ionization, transport and recombination


•  Ionization e- are get diffused


•  RMS spatial spread:


                   (𝜇 = electron mobility)
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Electron diffusion [27, 28, 29, 30]  

 

The data for transverse diffusion come from [27, 28].  The longitudinal diffusion is a single measurement 

from [29].  The transport theory calculation (solid lines) is from Atrazhev and Timoshkin [30], interpolated 

to the normal boiling point.  We plot the electron energy, H, rather than the diffusion coefficient, D, 

because the electron energy is the quantity directly measured by experiment (for longitudinal diffusion at 

least) and is the quantity directly entering in the calculation of the RMS spatial spread of an ensemble of 

electrons: 

 ( )
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2 T L
T L

z
E

H
V

'
  

with 'z the drift distance and E the field in volts per unit of drift distance.  The Einstein-Smoulchowski 

relation defines the diffusion constant in terms of the electron energy: 

 D P H , 

so that the diffusion constant requires the additional knowledge of the electron mobility P.  The dashed 

lines are the Atrazhev and Timoshkin theory scaled to the transverse data which give HTRAN = 40 meV 

(DTRAN = 12.8 cm
2

/s) and HLONG = 16.5 meV (DLONG = 5.3 cm
2

/s) at 500 V/cm. 
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V.M. Atrazhev & I.V. Timoshkin,, 
IEEE Trans. Dielectrics and Electrical 

Insulation 5, 450, (1998)	



For MicroBooNE at 500 V/cm:

DTrans = 12.8 cm2/s (0.2mm2 max)

 DLong = 5.3 cm2/s (0.08mm2 max)
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•  Recombination and impurities can reduce the charge collected
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  Recombination [31, 32, 43] 

 

Solid lines are the recombination factor for charge (charge collected at finite field divided 
by charge collected at infinite field) [31, 32].  Dashed lines are the light recombination 
factor (light collected at field divided by light collected at zero field) [43].  The numbers 
labeling the curves are the specific energy loss (dE/dx) in units of mip. 
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R.Acciari et al., JINST 8, (2013)	



S.Amoruso et al., NIM A523, 275, (2004)	



Thomas and Imel., Phys. Rev. A, 36 
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Electron attachment [33, 34, 35, 36] 

 

The solid lines for O2, N2O, and SF6 are from Bakale, Sowada, and Schmidt [33]; the red 
points for O2 and all the points for CO2 are from Bettini (ICARUS) [34]; for  O2 the orange 
points are from Aprile, Giboni, and Rubbia [35] (at 500 V/cm) and from Adams, et al. [36] 
(for the points above 2kV/cm), and the magenta points are from Hofmann, et al. [37]; and 
the yellow point for H2O is from PBooNE docDB 429-v1 and the dashed curve is the curve 

for N2O scaled to this point. The solid black line is a best fit, specified below, to the data 
for O2. 
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LArTPCs and scintillation light

Phys Rev 20B 8 3486 

Scintillation Light 

TPC Charge 

Typical  
TPC field 

S. Kubota et al., Phys. 
Rev. B,  20, 8 (1979)	
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LArTPCs and scintillation light
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Xe2 Rydberg states




LArTPCs and scintillation light


•  The singlet and triplet have different time constant
The fate of the excimer states 

Ar Ar * Ar 

Ar 
γ The singlet decays into 

two argon atoms and a 
photon, in 6ns 

6 ns 

Ar Ar * 

The triplet decays in ~1500 ns 
 
Some disagreement in the 
literature as to whether this 
decay proceeds via the singlet, 
or directly to the ground state  
 
Either way, time constant much 
longer than the singlet. 

1500 ns 

Time Constants of LAr Scintillation 

Summing up 
many pulses to 
get an average 
waveform, you 
can measure 
time constants 

An example from: 
2010 JINST 5 P06003 
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LArTPCs and scintillation light


•  Liquid argon produces scintillation light at a 
wavelength of 128 nm.


•  Light yield ~ few 10,000’s of photons per MeV 
(dependences on E field, particle type and purity)


•  Argon is transparent at 128nm, which makes LAr 
scintillation detectors very scalable.


•  Coupling scintillation detection with charge 
detection (e.g. in a TPC) offers many benefits


E Morikawa et al.., J Chem 
Phys vol 91 (1989) 1469	
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LArTPCs and scintillation light
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128 nm photons 

450 nm photons 

Wavelength shifting plate (TPB) 

Ben Jones	



•  Precise (O(ns)) timing information on neutrino events to reject cosmic rays


•  Can help reducing detection Ethresh


•  Trigger for non-beam events (SN, proton decay)




LAr TPC challenges


•  Purity in very large volumes


ü  Long drift distances


ü  No evacuation


•  High voltages (to allow long drift distances)


•  Low noise electronics at low cost (650k channels!)


•  Scalability


•  Costs


•  Automated event reconstruction
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Technical details on LArTPC


•  Cryogenics (cryostat, purity)


•  TPC (active detector) (Wire planes)


•  Electronics (warm or cold)


•  Calibration
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Cryogenics of LArTPC


LAPD at FNAL	
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Cryogenics components and requirements


Requirements


•  Maintain high LAr purity


•  Cryostat insulation:


Ø Low thermal loss < 15W/m2


Ø Temperature variation in the cryostat < 1ºK


Ø Prevent LAr bubble formation


•  Scalability


•  Safety (underground operations)
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Components


•  Cryostat





•  Cryogenic plant (cryogen delivery, 
storage and filling)





•  Circulation and purification of LAr




Cryostats


Foam insulated


•  One'op>on'for'future'large'LAr'
vessels'
–  Adopted'by'LBNE'

•  Design'used'in'LNG'(Liquefied'
Natural'Gas)'tankers'

•  Stainless'steel'membrane'(2V3'
mm)'contains'cryogenic'liquid'

•  Foam'insulated'

•  Surrounding'rock/concrete'
provides'mechanical'support'
–  Efficient'use'of'the'excavated'
cavern'volume'

T.'Yang'LArTPC' 15'

35'Ton'Prototype'at'FNAL'
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MicroBooNE cryostat


•  Cylindrical cryostat (3.5m diameter x 12m long, 88mm thick)


•  170t of LAr (~80t of active volume)


•  Foam insulated from outside
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MicroBooNE (Booster Neutrino Experiment) 

 A 150 ton (~63 ton fiducial) volume LAr 
TPC on the BNB/NuMI at FNAL 

• Collaboration formed in 2007 
• 10 univ+labs/50 phys.+eng. 
• Successful US DOE CD-3b review in Mar. 

2012 
• MicroBooNE experiment is being 

constructed right now 
 http://www-microboone.fnal.gov 
 MicroBooNE physics 

• Low energy excess events observed by 
MiniBooNE 

• Low energy neutrino cross section 
measurements 

 MicroBooNE serves as the necessary 
next step in a phased program towards 
massive LAr TPC detectors 

• Test of purity in un-evacuated, fully 
instrumented vessel 

• Continued development of purification 
and filtration systems 

• Cold electronics development 

 Evacuable, passive (foam) insulation 
vessel 

 TPC: ~2.5 x 2.3 x 10.4m long 
• 2.5m drift @ 500V/cm 

 3 readout planes 
• 3mm wire pitch 
• 2 induction planes (U,V at ±60° from 

vertical) 
• 1 collection plane (vertical wires, 2.5m 

long) 
 Readout based on cryogenic analog 

front end 
• 0.18μm  CMOS  technology 
• 8,256 channel 
• Warm feed-through 
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• Cryostat 
– 150’’  ID    x    40  ft long    x    7/16’’  

thick; weighs about 70,000 lbs 
– Full Vacuum – 30 psig 
– About 35,000 gal. Liquid Argon 
– Insulated  by  16’’  Closed  Cell  Spray  

on Polyurethane 
– Supported by 2 High Density (12-

15 pcf) Polyurethane Saddles 
– Ribbed design 

Heat load calcs performed by Glenn Morgan 

Cryostat at DZero 



Membrane Cryostat for LBNE


•  Already used in Liquefied Natural Gas 
tankers


•  Stainless steel membrane (2-3mm thick)


•  Foam insulated


•  Surrounding rock/concrete provides 
mechanical support
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Cryogenics plant
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MicroBooNE layout




Purity system
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•  Electronegative contaminants (O2,N2 or H2O) will attached drifting electrons





•  Purity requirements: O2 < 100 ppt, N2 < 1 ppm


•  Note: Research grade commercial LAr                                                              
~ 1ppm H2O and O2, ~3ppm N2


•  Recirculation through filters will ensure purity                                         
stability




Purity system (filling)


•  LAPD successfully demonstrated that purging vessel with argon gas 


•  Gas recirculation through filters (heating for H2O evaporation)


•  Cool down of the vessel (slowly!)


•  Filling with the LAr direct from trucks


Plot%of%purge%from%Air%to%Argon%

8%
Plot%by%Benton%Pahlka%

Purge%from%Air%

•  Room%temperature%argon%gas%injected%into%tank%bofom%

pushes%less%dense%air%out%the%top%

•  AZer%the%argon%piston%pushes%the%majority%of%air%out%of%the%

tank%this%becomes%a%perfect%mixing%purge%

•  5%Z3/min%argon%gas%injecRon%rate%

–  3.8%Z/hr%argon%piston%rise%rate%
–  2.9%hrs%per%volume%change%

–  7.5%total%volume%changes%

•  O
2
%O%21%%to%6%ppm%

•  N
2
%O%78%%to%18%ppm%

•  H
2
O%–%200%ppm%to%1.2%ppm%%

•  Tank%was%ac)vely%purged%with%breathable%air%during%the%9%
months%between%runs%1%and%2%to%protect%from%ambient%
moisture%
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Liquid Argon


* O2 from 21% to 6 ppm

* N2 from 78% to 18 ppm

* H2O from 200 to 1.2 ppm




Purity control and monitoring


•  Purity monitors


•  Filters: 


Ø Molecular sieve: Removes H2O and some N2


Ø Cu filters: Removes O2


Ø They can be regenerated (when they get saturated)


•  Use'purity'monitors,'

consis>ng'of'a'field'

cage,'photocathode'
and'anode'

•  Measure'electron'

signal'loss'from'

cathode'to'anode'to'

find'life>me:'

•  Observed'life>mes'on'

the'order'of'5'ms'

Qanode =Qcathode ! exp("tdrift / ! )

27'PrM'scope'signal'

Purity'Monitor'–'DriR'Cell'

NIMA'292,'580'(1990)'

Cathode'

Anode'
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Lets talk TPCLets talk TPC

E = 500 V/cm

The goal is to get the 
maximum amount of charge 
possible drifted from where 
the interaction occurs over 
to the anode side (where the 
sense wires are)

This can only be obtained if 
you have a very uniform 
electric field inside your TPC

To achieve this uniform field we start with a 
very flat cathode plane that we bring to -128 kV 

We use a special High Voltage feed 
through to deliver this bias

Shown here 
schematically

HV Feedthrough




TPC
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A little more about wiresA little more about wires

In MicroBooNE all 8256 wires were placed one-by-one on wire 
carrier boards

These wire carrier boards have resistors and capacitors on each channel 
that allow us to read off the charge collected collected (either by 

induction or collection) on every wire

Remember: All of this is happening inside the liquid argon (@ 87o K), so we need 
special “cold” electronics that attach to the wire carrier board to take the charge 

collected and turn it into a signal we read out
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Readout Electronics


•  Cold electronics, warm interface electronics, digitizing and data handling 
electronics, cabling and signal feedthroughs 


•  Process signals from all the TPC wires (e.g. 8256 for MicroBooNE)
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1st induction plane

Small, bipolar


2nd induction plane

Small, bipolar


Collection plane

Large, unipolar




Front End Electronics


•  CMOS front end ASIC


Ø  Charge amplifier and high-order filters


Ø  Adjustable gain and filter time constant


Ø  Selectable collection/induction mode and ac/dc coupling


Ø  Designed for long cryo-lifetime


•  Custom cold motherboard


Ø  Connections for detector signal


Ø  ASIC control and monitoring


Ø  Bias voltage to wire planes


MicroBooNE Cryogenic Electronics 
 Cold Mother Board 

• House front end ASIC 
• Rogers 4000 series base 

material 
• Provide detector signal 

interconnections 
• Provide ASIC control and 

monitoring signals, calibration 
network  

• Provide bias voltage 
distribution for wire planes 

• Horizontal version 
- 96  “Y”  channels 
- 48 “U”  channels 
- 48 “V”  channels 

• Vertical version 
- 96  “U”  or  “V”  channels 
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Horizontal cold motherboard with 12 
ASIC chips (192 channels) populated 

Vertical cold motherboard with 6 ASIC 
chips (96 channels) populated 

MicroBooNE Cryogenic Electronics 
 CMOS Analog Front End ASIC 

• 16 channels per chip 
• Charge amplifier, high-order filter 
• Adjustable gain: 4.7, 7.8, 14, 25 

mV/fC (55, 100, 180, 300 fC) 
• Adjustable filter time constant 

(peaking time): 0.5, 1, 2, 3 μs 
• Selectable collection/non-collection 

mode (baseline) 
• Selectable dc/ac (100 μs) coupling 
• Rail-to-rail analog signal processing 
• Band-gap referenced biasing 
• Temperature sensor (~ 3mV/°C) 
• 136 registers with digital interface 
• 5.5 mW/channel (input MOSFET 3.6 

mW) 
• ~ 15,000 MOSFETs 
• Designed for long cryo-lifetime 
• Technology CMOS 0.18 μm, 1.8 V, 

6M, MIM, SBRES 

12 

CMOS FE ASIC Layout 
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Warm interface Electronics


•  Intermediate Amplifier


•  Service Board


Ø  Provide low voltage to ASICs and to intermediate amplifiers


Ø  Pulse injection to ASIC


•  ASIC Configuration Board


Ø  ASIC configuration and monitoring between ASICs and DAQ PC





MicroBooNE Warm Interface Electronics 
 Intermediate Amplifier 

• 32 channels per board 
• Differential driver to improve noise 

immunity 
• Provide an appropriate gain to detector 

signals to make it suitable for long 
distance (10 – 20 m) transmission 

• Installed on the top of signal feed-
through and housed by a Faraday cage 
to ensure good shielding and better 
noise performance 

 Service Board 
• Provide low voltage (+1.8 V), control 

and monitoring to front end ASICs 
• Provide low voltage (+3.3 V, -3.3 V) 

filtering and distribution to intermediate 
amplifiers 

• Provide calibration pulse driver to front 
ASIC which has build in switch to turn 
on/off pulse injection to individual 
channels 

• Installed on the top of signal feed-
through and housed by a Faraday cage 
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Intermediate Amplifier 

Service Board 

MicroBooNE Warm Interface Electronics 
 ASIC Configuration Board 

• Provide ASIC configuration 
signals driver and receiver 
through commercial off-the-shelf 
digital I/O board 

• Provide communication channels 
for configuration and monitoring 
between ASICs and DAQ PC 

• Compact design – each board to 
service three TPC signal feed-
throughs  

• Mechanical assembly – two 
boards are fit in a 1U assembly, 
the ASIC configuration of whole 
experiment will only occupy 2U 
DAQ rack space 
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ASIC Configuration Board 

Assembly of two ASIC Configuration 
Boards to be installed in DAQ rack 
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Electronics
MicroBooNE Readout Electronics System 

09/20/2012 H. Chen - TWEPP 2012 - MicroBooNE FEE 6 50




Event Reconstruction


ArgoNeuT 
SIMULATION"

MibroBooNE 
SIMULATION"

Raw TPC 
data" Calbration"

Cluster-based 
techniques"

Charged-particle tracks 
 

Electro-magnetic 
showers"

"
Interaction vertices"

Calorimetry 
and"

Particle ID"

Final-state particles"

Raw PMT 
data"

Construct 
flashes"Calbration"
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Event Reconstruction


MibroBooNE 
SIMULATION"

 11

Results of the GausHitFinder Algorithm
Genie Events

GausHitFinder now can handle multi-peaked hits as well as 
correctly identify the multiplicity of the hit
→ Can allow us to identify how to handle “Goodness of fit” for high multiplicity hits

2. Find hits by fitting Gaussians


3. Neutrino Detection and the Liquid Argon Time Projection Chamber 32

T
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High chargeLow charge

Figure 3.3: (Top) A neutrino event in ArgoNeuT as seen in the collection plane’s (wire, time) view.
The colors are indicative of the amount of charge collected on the wire, with blue<yellow<red.
(Bottom) The wire view in raw ADC counts as a function of time for Wire #140. Notice that the
four separate wire bump signals correspond to the four distinct tracks as seen in the collection plane
view.

to satisfy Eq. 3.1, given a wire diameter and spacing, and the plane separation is chosen to

satisfy Eq. 3.2. Note also that the collection plane needs to carry a positive voltage and the

cathode must carry a negative voltage for the ionization to be properly drifted and detected.

A common TPC drift field (E1) chosen for LArTPCs is 500 V/cm, in consideration of high

voltage practicality, electron drift velocity (1.5-1.6 mm/µs at 500 V/cm), and sampling

rate.

3.1.2 Calorimetry

From charge to energy

The charge detected by the wire planes is proportional to the amount of energy deposited by

the corresponding particle on its travels in the liquid argon. Along with gaining knowledge

ArgoNeuT Data"

MibroBooNE 
SIMULATION"

52


Merge fuzzy clusters into Hough lines 

18 

SIMULATIO
N"

1. Wires collect charges


3. Clustering
 4. Shower and track finding


Event displays and e-γ separation


e""

� � e+e- 


Energy loss for 0.5 –4.5 GeV e’s and γ’s


Uses dE/dx and event 
topology to distinguish e’s 
from gammas


dE/dx (MeV/cm2 )"

Event displays and e-γ separation
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Event Reconstruction
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5. 3D reconstruction
 6. Calorimetry and PID


Heavy	
  ionizing	
  ptcl.	
  
Proton	
  	
  



Calibration


•  Electronics calibration


Ø Check response to injected pulses across test capacitors


Ø Extract pedestal, noise, gain, and shaping time per channel


•  Laser calibration


Ø Distortions to E-field from positive ions and LAr circulation


Ø Use laser light at 266nm to measure distortions


Ø Mechanical mirror system


•  Cosmic muon sample


Ø Will have large sample of cosmic muons to calibrate against


Ø E-field distortions, dQ/dx calibration, absolute energy from Michel electrons, etc.
 54




Laser system


•  ~14 eV is required to ionize LAr


•  Laser has to have enough intensity for 3 photon absorption


55


Multiphoton ionization 

> λ    =  266  nm  correspond  to  Eγ = 4.67 eV 
> For ionization ~14 eV are needed 
> For non-resonant states the lifetime is given 

by 
 

 
> For quasi-resonant states one has 

 
 
 

> The laser has to have enough intensity to 
allow a three-photon ionization 
 

See also: B. Rossi et al. 2009 JINST 4 P07011 
                I. Badhrees et al. 2010 New J. Phys. 12 113024 
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Results of laser measurements 

 This picture shows a laser event in the Argontube detector. In the 
upper display the collection view and below the induction view are 
shown. 

5 

Igor Kreslo	



Bern University laser system for MicroBooNE	





Laser system


•  Laser can be used for drift field calibration
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19GDR Neutrino GT4, Lyon,  13.11.2013

Ion space charge from cosmic muon flux → drift field is not uniform

Cosmic muons are here for free, but...
Delta-electrons

Coulomb multiple scattering

Charge recombination

Low statistics

Solution: Laser-produced ionization track !

Laser system for drift field calibration

Laser track

distorted field

Laser track

corrected field

Muon track

corrected field

Muon track

distorted field



Laser system: Why??


•  Cosmic rays produce Ar+ ions


•  Ion drift velocity is only O(~cm/s)


•  Ar+ accumulate and cause filed distortions
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Why a laser? 

> Cosmic rays produce 
Ar+-ions 

> Ion drift velocity is only 
of the order of cm/s 

> Ar+ accumulates 
> Field distortions occur 

 
> Laser delivers a 

straight path 
> Field distortions can be 

corrected 

Eric Voirin: MicroBooNE-doc-1895-v4 

19 

Eric Vorin for MicroBooNE	





Calibrating LArTPCs: LArIAT (Liquid Argon In A Test Beam)


•  Electromagnetic shower energy resolution


•  Hadron shower energy resolution


•  Directionality of through going particle (e.g. muons) using delta rays


•  Particle ID


•  dE/dx for the different particles


•  Light collection efficiency
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The LAr detector rises
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LIQUID     ARGON 
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The LAr detector rises


Volume of LAr TPC Detectors with Time


Russ Rucinski, TIPP 2011	





The road to the next generation

Yale TPC	


	

	

	

	

	


Yale Uni.	

2007	


0.002 ton	


Bo	

	

	

	

	

	


FNAL	

2008	


0.02 ton	


Luke	

	

	

	

	

	


FNAL	

2008	


Material test Stand	


ArgoNeuT	

	

	

	

	

	


FNAL	

2008–2010	


0.03 ton	


MicroBooNE	

	

	

	

	

	


FNAL	

2014–2017	


170 ton	


LAPD	

	

	

	

	

	


FNAL	

2011	


Purity demonstrator	


LBNE	

	

	

	

	

	


Homestake	

2020	


10–40 kton	


LBNE 35 ton	

	

	

	

	

	


FNAL	

2013–2014	


35 ton	


LArIAT	

	

	

	

	

	


FNAL	

2014	


LAr TPC calibration	


FNAL	

2016?	

1 kton	


ICARUS	

	

	

	

	

	


Italy	

2000(2010)	


600 ton	
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LAr1	

	

	

	

	

	




Future prospects


•  MicroBooNE has been constructed and will be commissioned soon
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MicroBooNE: Stats
Cryostat Volume 170 Tons

TPC Volume (l x w x h) 89 Tons (10.4m x 2.5m x 2.3m)

# Electronic Channels 8256

Electronics Style (Temp.) CMOS (87 K)

Wire Pitch (Plane Separation) 3 mm (3mm)

Max. Drift Length (Time) 2.5m (1.5ms)

Wire Properties 0.15mm diameter SS, Cu/Au plated

Light Collection 32 8” Hamamatsu PMTs

Cold!Electronics
Install!cold!electronics!boards!(and!cold!cables).!Perform!continuity!and!
calibration!tests!on!the!electronics.!

In!parallel!install!field!cage!tubing!and!resistive!dividers.!!Check!resistitity
between!tubes.!

9

12

Jason St. John                                                                                                              NuFact 2013, Beijing



LAr1-ND and LAr1
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LAr1-ND detector


LAr1-ND Proposal / 25

Figure 4.6: Conceptual design of the LAr1-ND TPC. The FR4 field cage panels are removed from

view.

Overview

The TPC is located inside the cryostat vessel, completely submerged in liquid argon at

89K. The entire TPC structure is suspended under the cryostat roof via integrated attach-

ment points. All cables (power and signal) from the cold electronics are routed through

four feedthrough ports on the top of the cryostat to the DAQ system. The TPC (Fig. 4.6)

consists of two APAs near the beam left and right walls of the cryostat. The active area of

the APAs is 3.65 m wide and 4 m tall. The CPA is centered between the two APAs. The

open sides between each APA and the CPA are surrounded by 4 FCA modules, constructed

from FR4 printed circuit panels with parallel copper strips to create a uniform drift field.

The drift distance between each APA and the CPA is 2 m. The active LAr mass in the TPC

is 82 tons.

LAr1-ND Proposal / 23

Figure 4.5: The interior of the 35 ton prototype membrane cryostat under construction at Fermilab.

In the liquid at 89K, the outgassing rates are so low that negligible amounts of oxygen and

water enter the liquid. The cryostat is designed so that the bulk of the cryostat surface is

wetted with liquid. Only a small volume of gas is contained in an insulated expansion tank

above the cryostat. The walls and contents of the volume will be close to 89K minimizing

outgassing. In addition, the contact area between the gas and liquid is small reducing the

rate of injection of contaminants into the liquid. This gas ullage volume, which is necessary

to maintain pressure stability in the cryostat, will be purified by a gas recirculation system

through molecular sieves and oxygen getters. This small gas recirculation system should be

su�cient to maintain the purity, without any liquid recirculation, during operation.

A potential problem in operating large LAr TPCs at the surface is the dynamic generation

of space charge by cosmic ray ionization of the LAr. Positive ions drift very slowly in LAr

compared to electrons, and the resulting space charge contained in the TPC at any time

will create an electric field that distorts the ideal straight electron drift to the anode that

enables TPC operation. Statistical fluctuations in the distribution of the ionization and flow

of the liquid (which occurs at velocities comparable to the positive ion drift) will make these

distortions time dependent, and therefore very di�cult to remove completely by calibration.

To minimize this problem, we will install cooling panels, with pressurized LN2 channels, along

the walls, floor, and ceiling of the cryostat to minimize convective flow of the LAr caused

LAr1-ND Proposal / 21

Shielding
Block

Expansion Tank

Expansion Tank

Liquid Argon

HV Feedthrough HV Feedthrough
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Beam
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25
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CPA

APA APA
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Ceiling 
Support

Installation 
Hatch

Beam

Figure 4.3: Side view schematic drawings of the LAr1-ND detector concept. The “expansion” tank,

which contains the argon gas pressure bu↵er for the cryostat, and the signal feedthroughs are shown

at the top.

4.2.1 Membrane Cryostat

The conceptual design for the LAr1-ND cryostat is a rectangular vessel constructed with

an industrial membrane cryostat technology extensively used for shipping Liquid Natural

Gas (LNG) and for storage of LNG above ground and in caverns. Depending on the vendor,

a membrane tank uses a 1.2–2 mm thick stainless-steel primary liner to contain the liquid

cryogen. The membrane cryostat relies on external support from a surrounding cavern or a

reinforced concrete structure to support the hydrostatic load of the contents, again making

the existing enclosure an ideal location for this detector. The commercially engineered mem-

brane system consists of the following sequence of layers, from innermost to outermost: the

stainless-steel primary membrane; a layer of polyurethane foam insulation; a thin fiberglass-

aluminum secondary membrane that contains the LAr in case of any leaks in the primary

membrane; another layer of insulation; a barrier to prevent water-vapor ingress and the

concrete support structure (See Figure 4.4).

This in-ground tank arrangement (ie. o↵ering access only from the top) makes optimum

use of the excavated pit in which it is installed and minimizes safety concerns. The roof of

the cryostat is constructed of truss-reinforced steel plate covered on the cryostat side with
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LBNE


40 kton LAr far detector 65




Neutrino physics with LArTPC


•  Neutrino oscillation studies


•  Sterile neutrino searches


•  Cross-section measurements


•  Supernova neutrinos


•  Atmospheric neutrinos


•  Nucleon decay
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ArgoNeuT


•  175 litres in NuMI beam (2009-2010)


•  Physics results!





•  Hints for Final State Interactions!





First	
  Measurements	
  of	
  Inclusive	
  Muon	
  Neutrino	
  Charged	
  
Current	
  Differential	
  Cross	
  Sections	
  on	
  Argon,	
  	
  
C.	
  Anderson	
  et	
  al.,	
  Phys.	
  Rev.	
  Lett.	
  108	
  (2012)	
  
	
  
A	
  study	
  of	
  electron	
  recombination	
  using	
  highly	
  ionizing	
  
particles	
  in	
  the	
  ArgoNeuT	
  Liquid	
  Argon	
  TPC,	
  
R.Acciarri	
  et	
  al.,	
  	
  JINST	
  8	
  (2013).	
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ArgoNeuT TPC and cryostat

Joshua Spitz, Yale University

The TPC, about to enter the inner cryostat

The fully-instrumented detector in the beamline

Cryostat Volume 500 Liters

TPC Volume 175 Liters

# Electronic Channels 480

Wire Pitch 4 mm

Electronics Style (Temperature) JFET (293 K)

Max. Drift Length (Time) 0.5m (330μs)

Light Collection None

5

3

E⌫ bin (GeV) Flux (⌫/GeV/m2/109 POT) Error

0-1 8.3 ⇥ 103

1-2 4.3 ⇥ 104 †

2-3 7.5 ⇥ 104

3-4 8.05 ⇥ 104 5.2 ⇥ 103

4-5 3.06 ⇥ 104 2.4 ⇥ 103

5-7 9.07 ⇥ 103 5.3 ⇥ 102

7-9 5.18 ⇥ 103 3.5 ⇥ 102

9-12 3.21 ⇥ 103 2.2 ⇥ 102

12-15 1.94 ⇥ 103 1.0 ⇥ 102

15-18 1.09 ⇥ 103 65
18-22 629 37
22-26 348 20
26-30 200 13
30-36 119 6.8
36-42 72.2 3.9
42-50 51.6 2.8

TABLE I: The neutrino flux corresponding to the di↵erential
cross section measurements. †The fractional error on the 0-
3 GeV range is conservatively set to 35%.

construction ine�ciencies in both detectors, and selection
e�ciency. Ine�ciencies due to acceptance arise from low-
energy or large-angle muons that do not enter the active
region of MINOS. A bin migration unfolding procedure
is not applied to the reconstructed variables as no sig-
nificant detector/reconstruction bias is present and the
measurement resolution is finer than the bin width for
all bins reported; the muon angular resolution over the
majority of the measurement range is 1-1.5� and the mo-
mentum resolution is 5-10% [16].

The flux-integrated di↵erential cross sections in ✓
µ

and
P
µ

from ⌫
µ

CC events on an argon target are shown
in Figs. 2 and 3, respectively, and are tabulated in Ta-
bles II and III. The data and GENIE expectation agree
well across most of the measurement ranges. More data
are needed to confirm the apparent discrepancies at low
angles and momenta.

The di↵erential cross section measurement uncertain-
ties are dominated by statistics. The systematic error
contributions are led by the 15.7% uncertainty on the
energy-integrated flux. Uncertainties associated with
measurement resolution are evaluated by recalculating
the di↵erential cross sections after adjusting the mea-
sured ✓

µ

and P
µ

by ±1�, where � is the reconstructed
variable’s resolution. The uncertainty is conservatively
set equal to the largest deviation from the central value,
due to either the plus or minus 1� adjustment and the re-
sulting bin weight redistribution. Other possible sources
of systematic uncertainty have been found to be negligi-
ble.

Di↵erential cross sections on an isoscalar target are
useful for a simple comparison of these results to other
measurements on di↵erent nuclei. The correction for
transforming the argon target measurement reported
here into an isoscalar one is arrived at by reweighting
each GENIE simulated ⌫

µ

CC interaction based on its

Measurement bin d�/d✓µ Error

[✓µ] (degrees) ( 10
�38cm2

degree ) ( 10
�38cm2

degree )

0-2 1.2 0.7
2-4 3.2 1.3
4-6 4.4 1.4
6-8 6.9 1.7
8-10 5.8 1.3
10-12 5.9 1.4
12-14 4.2 1.1
14-16 5.2 1.3
16-18 4.3 1.1
18-20 2.2 0.7
20-22 2.9 0.9
22-24 1.6 0.7
24-30 1.7 0.4
30-36 0.9 0.3

TABLE II: The measured ⌫µ CC flux-integrated di↵erential
cross section (per argon nucleus) in muon angle.

Measurement bin d�/dPµ Error

[Pµ] (GeV/c) ( 10
�38cm2

GeV/c ) ( 10
�38cm2

GeV/c )

0.00-1.25 15.4 5.1
1.25-2.50 24.9 5.0
2.50-3.75 17.6 3.5
3.75-5.00 8.0 2.0
5.00-6.25 6.7 1.8
6.25-7.50 4.1 1.3
7.50-8.75 3.5 1.2
8.75-10.0 2.4 1.0
10.0-15.0 1.8 0.5
15.0-20.0 1.0 0.3
20.0-25.0 0.6 0.2

TABLE III: The measured ⌫µ CC flux-integrated di↵erential
cross section (per argon nucleus) in muon momentum.
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FIG. 2: The measured ⌫µ CC flux-integrated di↵erential cross
section (per argon nucleus) in muon angle.

nucleon target. The extracted multiplication factor of
0.96 can be applied to each on-argon di↵erential cross
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FIG. 3: The measured ⌫µ CC flux-integrated di↵erential cross
section (per argon nucleus) in muon momentum.

section measurement bin in order to obtain the di↵eren-
tial cross sections on an isoscalar target. This correction
factor is model-dependent as it relies on GENIE’s under-
lying neutrino cross section predictions for the various
interaction channels.

Although comparing the di↵erential cross section re-
sults to other measurements is di�cult, the total cross
section can be extracted with the complete sample size
(379 events), background expectation (18 events), and
overall detection e�ciency (49.5%). The total cross sec-
tion includes the bins outside of the ✓

µ

and P
µ

di↵erential
cross section measurement ranges. The measured total
⌫
µ

CC cross section is �/E
⌫

=(7.3±1.2)⇥10�39

cm

2

GeV

per
isoscalar nucleon at hE

⌫

i = 4.3 GeV, consistent with the
most precise total cross section measurements available

at these energies [1, 2]. The argon-to-isoscalar correction
has been applied in arriving at this value.
The first two weeks of the ArgoNeuT physics run, com-

prising the entirety of the neutrino-mode data acquisi-
tion, have been analyzed. An additional 1.25⇥1020 POT
taken in anti-neutrino mode over the 5.5 month physics
run is currently being analyzed. LArSoft reconstruction,
ArgoNeuT-MINOS track matching e�ciency, and mea-
surement resolution will be augmented for future anal-
yses. Subsequent work will demonstrate the complete
power of LArTPC technology with dE

dx

-based particle
identification and calorimetry in general.
ArgoNeuT has performed the first ⌫

µ

CC di↵eren-
tial cross section measurements for scattering on ar-
gon. The results are consistent with the GENIE neu-
trino event generator predictions from 0�< ✓

µ

< 36� and
0< P

µ

< 25 GeV/c and the measured total ⌫
µ

CC cross
section at hE

⌫

i = 4.3 GeV is consistent with the world’s
data. The di↵erential cross sections elucidate the behav-
ior of the outgoing muon in ⌫

µ

CC interactions, informa-
tion useful for tuning neutrino event generators, reducing
the systematics associated with a long baseline neutrino
oscillation experiment’s near-far comparison, and inform-
ing the theory of the neutrino-nucleus interaction in gen-
eral. In addition to importance in understanding neu-
trino scattering and relevance for neutrino oscillations,
these measurements represent a significant step forward
for LArTPC technology as they are among the first with
such a device.
We gratefully acknowledge the cooperation of the

MINOS collaboration in providing their data for use in
this analysis. We wish to acknowledge the support of
Fermilab, the Department of Energy, and the National
Science Foundation in ArgoNeuT’s construction, opera-
tion, and data analysis.
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Cross-section measurements


•  Great advantage of LAr detectors


•  Lower Etresh and greater resoution
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Figure 1: Selection of ArgoNeuT events examples of di↵erent topologies currently under study.
[Top-Left] Single µ� event (no proton detected at the vertex), [Top-Right] Muon with one proton,
[Center-Left] Muon with two protons (back-to-back), [Center-Right] Muon with a proton at the
vertex and a second proton detached from vertex, produced by a neutron from the vertex through
charge exchange process (µ + 1p + 1n topology), [Bottom-Right] Muon with one proton and one
charged pion (downward going track), [Bottom-Left] Muon with one proton and one neutral pion
(with ⇡0 ! 2� yielding two well separated el.m. showers).
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MicroBooNE and the low energy excess

• MiniBooNE experiment 

observed an excess (3σ) at 
low energies  (200 MeV - 
475 MeV) in neutrino mode


• The excess events are 
electron-like: e-/γ


• MiniBooNE cannot 
distinguish between 
electrons and photons


miniBooNE neutrino-mode result �

Phys.Rev.Lett.102, 2009	

• Need a new detection technology:   
→ MicroBooNE
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MicroBooNE and the low-energy excess


J.Spitz


LAr TPC at LBNE

• High νe reconstruction efficiency 

⇒ 6 times less mass than WC for same sensitivity

• Good energy (few %) and position resolution (few mm)

• Some processes almost background free

• Distinction between e- and γs

• Add magnetic field → ν/ν distinction

• Add veto → lower depth is require (save $$)

• Technology not yet proven at very large scale

e-

γ

Tuesday, January 25, 2011

MicroBooNE:


Ø  Distinction between e/γ


Ø  νe  efficiency ~2x better


Ø  Sensitivity at lower energies
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MicroBooNE addressing the MiniBooNE excess"
 (6.6x1020 POT neutrino mode)


For	
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LAr1 sensitivity to sterile neutrinos
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Oscillation physics


•  Precision measurements of oscillation parameters


•  θ13, θ23, 𝛥m2
23 θ23 octant
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determine the octant of ◊
23

. The measurement of ‹
µ

æ ‹
µ

oscillations is sensitive to sin2 2◊
23

,
whereas the measurement of ‹

µ

æ ‹
e

oscillations is sensitive to sin2 ◊
23

. A combination of
both ‹

e

appearance and ‹
µ

disappearance measurements can probe both maximal mixing
and the ◊

23

octant. With the large statistics and rich spectral structure in a wide-band long-
baseline experiment like LBNE (see Figure 4–11), precision measurements of sin2 ◊

23

can
be significantly improved compared to existing experiments, particularly for values of ◊

23

near 45¶. Figure 4–19 demonstrates the measurement precision of ◊
23

and �m2

31

that can be
achieved by LBNE with a 10 kton detector alone (LBNE10) for di�erent allowed values. For
the disappearance mode systematic uncertainties of 5% on signal and 10% on background
are assumed - which is consistent with the assumption of no near neutrino detector. The
sub-dominant appearance mode in LBNE10 is dominated by statistical uncertainties. The
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Figure 4–19: The precision with which a simultaneous measurement of ◊
23

and �m2

31

can be
determined in LBNE10. The yellow bands represent the 1‡ and 3‡ allowed range of ◊

23

from the
2012 global fit.

significance with which the ◊
23

octant can be determined with LBNE10 is shown in Figure
4–20. If ◊

23

is within the current 1‡ bound of the best fit value from the global fits, LBNE10
alone will determine the octant with > 3‡ significance for all values of ”

cp

. Figure 4–21
demonstrates the increasing sensitivity to the ◊

23

octant for values closer to maximal mixing
that can be achieved with subsequent phases of LBNE coupled with Project X upgrades to
the Main Injector power. With su�cient exposure, LBNE can resolve the ◊

23

octant with
> 3‡ significance even if ◊

23

is within a few degrees of 45¶.
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blue band is for inverted hierarchy. The width of the bands corresponds to the impact of di�erent
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Figure 4–12: The expected spectrum of ‹
e

or ‹
e

oscillation events in a 35-kt LArTPC for 5
years of neutrino (left) and anti-neutrino (right) running with a 708 kW, 80 GeV beam assuming
sin2(2◊

13

) = 0.09. The plots on the top are for normal hierarhcy and the plots on the bottom
are for inverted hierarchy.
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Oscillation physics


•  Identifying the mass hierarchy


•  Search for CP violation
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Figure 4–15: The minimum significance with which the mass hierarchy (top) and CP violation
(bottom) can be resolved as a function of exposure in detector mass (kton) ◊ beam power (MW)
◊ time (years). The red band represents the fraction of ”

cp

values for which the sensitivity can
be achieved with at least the minimal significance on the y-axis.
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Proton decay searches
2–30 Chapter 2: Overview of the LBNE Science Program

1032 1033 1034

Soudan Frejus Kamiokande IMB
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Super-K I+II+III
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1031

p → e + π0

p → νK +

p →  + K 0
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  predictions
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SUSY SU(5) with additional U(1) flavor symmetry
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p → νK +
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2 31

2 31

 SUSY SO(10) with Unified Higgs

Figure 2–8: Proton decay lifetime limits compared to lifetime ranges predicted by Grand Unified
Theories. The upper section is for p æ e+fi0, most commonly caused by gauge mediation. The
lower section is for SUSY motivated models, which commonly predict decay modes with kaons
in the final state. The marker symbols indicate published limits by experiments, as indicated by
the sequence and colors on top of the figure.

Figure 2–8 shows experimental limits, dominated by recent results from Super-Kamiokande,
compared to the ranges of lifetimes predicted by an assortment of GUTs. At this time, the
theory literature does not attempt to precisely predict lifetimes, concentrating instead on
suggesting the dominant decay modes and relative branching fractions. The uncertainty in
the lifetime predictions come from details of the theory, such as unknown heavy particles
masses and coupling constants, as well as poorly known details of matrix elements for quarks
within the nucleon.

It is apparent from this figure that a continued search for proton decay is by no means assured
of success. With that caveat, an experiment with sensitivity between 1033 and 1035 years is
searching in the right territory over a wide range of GUTs and even if no proton decay is
detected, the stringent lifetime limits will provide strong constraints on such theories. Mini-
mal SU(5) was ruled out by the early work of IMB and Kamiokande; minimal SUSY SU(5)
is considered to be ruled out by SK. In most cases, another order of magnitude in limit will
not rule out specific theories, but will constrain their allowed parameters, perhaps leading
to the conclusion that some are fine-tuned.

In summary, while the detector masses required to qualitatively extend the sensitivity to

Scientific Opportunities with LBNE
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6–148 Chapter 6: Searches for Baryon Number Non-Conservation

6.1.4 Expected Sensitivity

Figure 6–2 shows the expected limit on the proton lifetime as a function of time in LBNE
for p æ K+‹̄. According to this plot, at least 10 kton of LAr is required to improve the
limits significantly beyond continued Super–Kamiokande running. A 34 kton detector can
eventually improve the limits on the p æ K+‹̄ by an order of magnitude compared to Super–
Kamiokande. Corresponding sensitivities can be computed for the other decay channels listed

Figure 6–2: Proton decay lifetime limit for p æ K+‹̄ as a function of time for underground
LArTPC’s of fiducial masses 10, 34 and 50 kt. For comparison, the current limit from Super-
Kamiokande is also shown. The limits are at 90% C.L., calculated for a Poisson process including
background assuming that the detected events equal the expected background.

in Table 6–1.

Scientific Opportunities with LBNE
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point within the fiducial volume. The strength of this signature is clear from single event
displays of kaons observed by the ICARUS Collaboration in the cosmic ray test run of the
T600 module on the surface at Pavia in

1. One example is shown below in Figure 6–1.

Figure 6–1: Single event display for an isolated charged kaon in the ICARUS T600 detector. In
this event, the kaon is observed as a heavily ionizing track that stops and decays to µ‹, producing
a muon track that also stops and decays such that the Michel electron track is also visible in this
view.

Provided that it can be demonstrated that background processes that mimic this signature
can be rejected at the appropriate level, a single p æ K+‹ candidate can be viewed as
evidence for proton decay. We discuss the background rejection capability of the LBNE far
detector in the section below.

6.1.3 Background Levels and Rejection

In LAr, the most pernicious background for proton decay with kaon final states comes
from cosmic rays that produce entering kaons via photonuclear interactions in the rock
near the detector. Backgrounds as a function of depth have been studied for LAr in refer-
ences [155,157,158]. At the 4850-foot level, the vertical rock overburden will be approximately
4 km water equivalent. and the muon rate through a 34 kt LArTPC will be approximately
0.1 s≠1.

With such a small cosmic-ray muon rate, a veto on the detection of a muon in the detector
can be applied with negligible loss of live-time. Specifically, taking a maximum 2 ms drift
time, the probability of a muon passing through the detector in time with any candidate
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Supernova neutrinos


Chapter 2: Overview of the LBNE Science Program 2–33

the oscillations manifest very di�erently in the two channels. In the neutrino channel the
oscillation features are in general more pronounced, since the initial spectra of ‹

e

and ‹
µ

(‹
·

) are always significantly di�erent. Second, the problem is truly multidisciplinary and the
neutrino physics and astrophysics go hand-in-hand. One needs to model both, and the payout
one gets is simultaneous for both fields. For instance, one learns the sign of the neutrino
hierarchy, the speed at which the shock expands, and the density profile of the star, “all in one
package”. The better one understands the astrophysics, the better the quality of information
about neutrino physics, and vice versa. Hence it is essential to gather as much high-quality
information as possible, and to optimize ability to disentangle the flavor components of the
flux. Currently, world-wide sensitivity is primarily to electron anti-neutrinos, via inverse beta
decay on free protons, which dominates the interaction rate in water and liquid-scintillator
detectors. LAr has a unique sensitivity to the electron neutrino component of the flux, via
the absorption interaction on 40Ar, ‹

e

+ 40Ar æ e≠ + 40Kú. In principle, this interaction can
be tagged via the coincidence of the electron and the 40Kú de-excitation gamma cascade.
About 900 events would be expected in a 10-kt fiducial LAr detector for a supernova at
10 kpc. The number of signal events scales with mass and the inverse square of distance as
shown in Figure 2–9. For a collapse in the Andromeda galaxy, detectors of 100 kilotons of

Figure 2–9: Number of supernova neutrino interactions in an LAr detector as a function of
distance to the supernova, for di�erent detector masses. Core collapses are expected to occur a
few times per century, at a most-likely distance of about 10–15 kpc.

mass would be required to observe a handful of events. However even a small 10-kt detector
would gather a unique ‹

e

signal from supernovas within the Milky Way.

As a final note, because the neutrinos emerge promptly after core collapse, in contrast to the
electromagnetic radiation which must beat its way out of the stellar envelope, an observed
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Chapter 7: Core-Collapse Supernova Neutrinos 7–153

Figure 7–4: Comparison of total event rates for normal and inverted hierarchy, for a specific
flux example, for a water Cherenkov detector (left) and for a 17 kt LAr (right) configuration, in
events per 0.5 MeV. There are distinctive features in LAr for di�erent neutrino mass hierarchies
for this supernova model.

detector parameters will not di�er too significantly from those in [183]. Also under study
is the potential for tagging CC ‹

e

absorption events using the cascade of deexcitation “-
rays, which should serve the dual purposes of rejecting background and isolating the CC
component of the signal.

7.3 Low-Energy Backgrounds

Due to their low energy, supernova events are subject to background, although the short-
timescale-burst nature of the signal means that the background can be well known and
subtracted. Muons and their associated Michel electrons can in principle be removed. Pre-
liminary studies from reference [83], extended for cosmic-ray rates on the surface, suggest
that the 4850L depth available at the Homestake mine is acceptable.

We are in the process of creating a physics driven radioactive background budget and associ-
ated event generator for low-energy background events in the LBNE far detector. Radioactive
decays will have the capacity to directly overlap with the energy spectrum created by super-
nova neutrino events in LBNE (these will mostly be from ‹

e

+40 Ar æ e≠ +40 Kú). It is also
possible that an ensemble of radioactive decay events in and around higher energy particle
interactions (e.g. from beam neutrinos) could server to obscure the edges of electromagnetic
showers from highly scattering particles like electrons and pions. This would serve as the
radiological equivalent of dark noise in a digital image, and would have the potential to
introduce a systematic uncertainty in the energy calculated for events even at much higher
energy than the decays themselves. It is therefore very important to calculate the radioactive
decay backgrounds in the LBNE far detector with su�cient accuracy to properly account

Scientific Opportunities with LBNE
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Chapter 7: Core-Collapse Supernova Neutrinos 7–155

Figure 7–6: Average ‹
e

energy from fit to SNOwGLoBES-smeared pinched-thermal spectrum as
a function of time, for a flux model based on [184] and including collective oscillations, for two
di�erent hierarchy assumptions (34 kton at 10 kpc). The bands represent 1‡ error bars from the
fit. The solid red line is the truth ÈE

‹

Í for the unoscillated spectrum. This plot shows that there
is meaningful information to be obtained by tracking ‹

e

spectra as a function of time.

Figure 7–7: Left: raw event display of a typical 20-MeV event in the LBNE 10-kton geometry;
the top panel shows the collection plane, and the lower two panels show the induction planes
(with multiple images due to wire wrapping). Right: zoom of collection plane image.
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a function of time, for a flux model based on [184] and including collective oscillations, for two
di�erent hierarchy assumptions (34 kton at 10 kpc). The bands represent 1‡ error bars from the
fit. The solid red line is the truth ÈE
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Í for the unoscillated spectrum. This plot shows that there
is meaningful information to be obtained by tracking ‹

e

spectra as a function of time.

Figure 7–7: Left: raw event display of a typical 20-MeV event in the LBNE 10-kton geometry;
the top panel shows the collection plane, and the lower two panels show the induction planes
(with multiple images due to wire wrapping). Right: zoom of collection plane image.
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Conclusions


•  LAr technology seems optimal for neutrino detection


•  Worldwide R&D effort to answer the remaining challenges


•  Physics potential has already been demonstrated (ArgoNeuT)


•  MicroBooNE will be critical for the future of this technology


•  LAr detectors will allow to study neutrino properties with unprecedented 
sensitivity


•  Results may be surprising!
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